1. Lotic meiofaunal communities demonstrate extremely variable dynamics, especially when viewed at small spatial scales (< metres). Given the limited amount of research on lotic meiofauna, we chose to organise our discussion of their small-scale spatial patterns around the dominant factors we believe drive their spatial distributions in streams. We separate scale-dependent effects that structure lotic meiofauna into biotic factors (e.g. predation, food quantity/quality, dispersal) and abiotic factors (e.g. local flow dynamics and substratum characteristics). 2. The impact of predation on the distribution of meiofauna varies with the scale over which predators forage (e.g. fish predation influences meiofauna in different ways and at broader spatial scales than do invertebrate predators), the type of streambed substrata in which the predator±prey interactions occur, and the dispersal ability of different meiofauna. The latter is greatly influenced by predator and prey (meiofauna) interactions with the flow environment. 3. Organic matter influences the small-scale distribution of meiofauna in streams. Both its quality as food (as indicated by C:N content, ATP content, or microbial biomass) and its spatial distribution on the streambed, influence meiofauna patchiness, community structure and life history characteristics. As a habitat, the structure that organic matter provides (e.g. wood or leaves) can influence predator±prey interactions, offer materials for case-building and offer refugia during disturbance events ± all of which influence the small-scale spatial distribution of meiofauna. 4. Stream flow influences the distribution of meiofauna at broad scales (10s±100s of metres), primarily because of the high susceptibility of meiofauna to passive drift; small-scale interactions between flow and substrata are also important, however, particularly at more localised (< metre) scales. At both scales, substratum particle size is important to interstitial-dwelling fauna, influencing the probability of passive drift by meiofauna as well as local microhabitat conditions (e.g. dissolved oxygen; upwelling/ downwelling in the hyporheic zone) and, thus, the small-scale distribution among microhabitats. 5. In general, the processes governing the distribution of meiofauna at small scales cannot be separated entirely from those processes working at larger scales. A conceptual diagram is presented illustrating the relative importance of various factors in influencing the spatial patterns of meiofauna and over what scales these factors act.
Introduction
Much previous research demonstrates that variation in physical factors may explain broad scale patterns in the abundance and distribution of meiofauna (Higgins & Thiel, 1988; Palmer & Strayer, 1996) . For example, we know that species composition and abundance vary between turbulent, gravel headwaters and slower-flowing rivers. We know far less about how factors such as flow and substratum affect meiofauna communities at small scales (< metre), such as along a sand bar, within a single riffle, or above and below the surface of stones. To some extent, this lack of knowledge is due to the inherent difficulty of using microscopic fauna in the types of manipulative experiments that have been a stronghold of aquatic ecology, e.g. small-scale caging experiments or investigations of flow-related behaviour. Despite the paucity of manipulative experiments on stream meiofauna, there are generalisations to be made about small-scale patterns in the distribution of these small animals. Where generalisations cannot be made, or the causes underlying observed patterns have not been found, new tools or creative experimental approaches are needed.
Streams are highly dynamic ecosystems and it is generally accepted that the distribution patterns of all stream biota are governed by an interaction between both small and large scale processes (Cooper et al., 1998) . Given the small size of meiofauna and the often overwhelming influence of flow in streams, it is not easy to tease apart the determinants of pattern at small scales (Hildrew & Giller, 1994) . Despite this, we have attempted to identify those`determinants`for stream meiofauna. We suggest that the most important biotic factors influencing the small-scale distribution of meiofauna include predation, food quantity and quality (broadly defined to include competition for food) and dispersal. The abiotic factors we consider include local flow dynamics and substratum characteristics, both of which interact with dispersal. Biotic and abiotic factors also work in concert to influence meiofaunal distribution patterns at larger scales (Rundle, Bilton & Shiozawa, 2000) . We attempt to summarise how each factor may generate smallscale patterns; because of the paucity of studies on lotic meiofauna (especially when compared to marine meiofauna), however, we speculate from a limited empirical base and emphasise new work that should be initiated. Hopefully, progress will be rapid over the next decade and the need for so much speculation will be diminished. Throughout this paper, we have included both permanent and temporary meiofauna in our discussion; thus, when we refer to taxa that are often considered macroinvertebrates (e.g. chironomids), we are specifically referring to the early instars.
Predation enhances meiofauna patchiness
Despite their small size, meiofauna are often exposed to intense predation pressure that may have complex effects on their behaviour and distribution (see also Schmid-Araya & Schmid, 2000) . Predation may lead to a localised reduction in meiofaunal abundance due to direct consumption to meiofauna avoiding predators. Predation may also lead to marked changes in the taxonomic composition of local communities, as well as to changes in size distribution (M.A. Shofner, pers. comm.) . Much of the work on meiofauna and predator-prey dynamics has focused on small spatial scales (< metre) but, because predators disperse over larger distances, predation may also influence the distribution of meiofauna at broad scales (AmoresSerrano, 1991; Rundle & Hildrew, 1992) . Thus, we suggest that studies of how predators influence the distribution of meiofauna should take into account the scale of predator mobility: vertebrate predators typically forage over large distances and probably have quite different impacts on the distribution of meiofauna than do invertebrate predators, whose foraging is usually more localised.
While no studies have explicitly focused on how predation relates to spatial patterns in stream meiofauna, we suspect that nonselective, highly mobile predators (e.g. fish) may reduce meiofaunal abundance modestly over large areas, but meiofauna dispersal (including drift) may act to mask such diffuse reductions. On the other hand, selective feeders and territorial or sedentary predators may lead to the development of small patches with greatly reduced meiofaunal abundance or may generate communities with only a subset of possible taxa. This has been shown to be the case in marine systems, where benthic feeding by a common estuarine fish, Leiostomus xanthurus (Lacapede), leaves millimetre sized feeding`pits`in the substratum that have a lower abundance of meiofauna, particularly copepods (Smith & Coull, 1987; Billheimer & Coull, 1988) .
Marine ecologists have suggested that such a pattern will be rare in turbulent streams with coarse substrata, because resident meiofauna can move deep into the substratum where they are less susceptible to predation and to passive dispersal (Giere, 1993) . In finer sediments, the meiofauna are concentrated near the sediment/water interface and therefore their risk of being eaten by epibenthic predators is much higher. In streams where meiofauna inhabit deep hyporheic zones (Pennak & Ward, 1986; Rouch, 1991) or that experience frequent erosive flows (Marmonier & Creuze Â des Cha Ãtelliers, 1991; Richardson, 1992) , there should be a reduced incidence of patches that are low in meiofaunal abundance due to surfacefeeding predators. Conversely, such patches may be common in silty areas of streams and in river beds, where the meiofauna reside in the top few millimetres of the sediment and erosive events are rare .
Studies to date have not compared predation pressure in coarse-grained vs. fine-grained stream habitats, although there is strong empirical evidence that stream fish may prey heavily on meiofauna. Benthic and suspension feeding fish can move over large areas of a streambed, consuming considerable meiofauna biomass (Williams, 1981; McNicol et al., 1985; Brown, Limbeck & Schram, 1989; AmoresSerrano, 1991; Rundle & Hildrew, 1992; M.L. Pope, pers. comm.) . Further, stream meiofauna (particularly the highly mobile taxa) may respond to the presence of fish by dispersing from areas of intense predation (M.A. Shofner, pers. comm.) . Passive dispersal of meiofauna may also be enhanced by predators or by any fauna whose activity results in the suspension of bottom sediments. Changes in the drift rate of meiofauna not only alter distribution but may also influence their susceptibility to predation. Little work has focused on the role of drifting meiofauna as food for drift-feeding fish or filter-feeding invertebrates (but see Vadas, 1988; M.L. Pope, pers. comm.) , yet meiofauna in the drift are undoubtedly available to predatory vertebrates. The disturbance of benthic sediments in marine systems has been shown to induce meiofaunal drift. Drifting animals are more vulnerable to suspension feeders, thus causing localised reductions in meiofaunal abundance (e.g. Palmer, 1988) .
Invertebrate predators are also likely to alter drift rates of meiofauna, but this has not been documented empirically. While the feeding of individual invertebrate predators is more localised than that of benthic feeding fish, they may pose significant risks since many prey on stream meiofauna (Shereberger & Wallace, 1971; Benke & Wallace, 1980; Brown et al., 1989; Lancaster & Robertson, 1995; Robertson, Lancaster & Hildrew, 1995) . Smith & Smock (1992) demonstrated that the production of invertebrate predators, such as odonates and larger chironomids, is partly supported by meiofaunal-sized insects (particularly early instar dipterans). They found higher macroinvertebrate production in areas where debris accumulated. Predator density was lower in the mineral sediments than in the organic debris and predator pressure on meiofauna was apparently concentrated in the latter. Since meiofauna are generally abundant in leafy and woody debris (Golladay & Hax, 1995; Robertson et al., 1995 Robertson et al., , 1997 Casas, 1997) , and some stream predators show a preference for foraging in patches with leafy debris rather than over bare sand patches (Shofner, unpublished) , the distribution of meiofauna at small scales may depend on some interesting interactions between the distribution of detritus and predator foraging preferences.
Ontogenetic change in predators may also alter their foraging patterns in ways that affect the abundance and distribution of meiofauna. Lancaster & Robertson (1995) found that the small instars of predatory caddis larvae consumed large quantities of meiobenthic crustacea (e.g. Cyclopoida, Harpacticoida, Chydoridae and Ostracoda). Epigean and hypogean tanypod chironomids exhibited ontogenetic shifts in their feeding on lotic meiofauna (Schmid & Schmid-Araya, 1997) , larger tanypods consumed a broader size range of meiofauna. Thus the impact of tanypod predation on the meiofauna may differ over time. Schmid & Schmid-Araya (1997) also concluded that predation by tanypods was not selective but was governed by prey availability. Since the potential for prey selection may differ quite substantially among predators, small scale differences in the distribution of meiofauna (e.g. abundant at or just below the sediment surface) may reflect the effects of selective predation, the response of meiofaunal prey to the presence of predators, or be attributable to other factors. We know little about this in lotic systems, but all of these scenarios have been shown to occur in marine systems depending on the habitat, type of Small-scale patterns in lotic meiofauna 111 predator and composition of the meiofauna community. In the presence of predatory fish, estuarine meiofauna often migrate deeper (millimetres) into the sediments (Coull, Palmer & Meyers, 1989) . Copepods are typically consumed at much higher rates than the more abundant vermiform taxa and the spatial distribution of mud-dwelling meiofauna is more tightly linked to oxygen availability than to the presence of predators (Higgins & Thiel, 1988; Fleeger, Shirley & McCall, 1995) While interactions between predator preferences and prey responses to factors such as substratum type or oxygen seem fairly predictable based on the marine literature, we can say little about whether complex trophic interactions are likely to lead to alterations in meiofaunal abundance or community composition. In a California stream, Power (1992) showed that fish predation on carnivorous damselflies and other small invertebrates released larval chironomids from predation by the invertebrates. This, in turn, led to enhanced abundances of algal-grazing chironomids (meiofaunal in size) with subsequent changes in primary production and algal biomass in boulder/ bedrock pools (Power, 1992) . Such cascading trophic effects can have large-scale consequences and may be common in streams, but are difficult to study because they typically require a significant amount of speciesspecific information ± information that is time consuming to obtain for meiofauna.
Predation studies can also be difficult in streams because of dynamic interactions between flow, bed substrata and organic matter. These interactions may determine the context in which predation on meiofauna occurs, since the distribution and foraging abilities of both meiofauna and their predators are influenced by flow, substratum heterogeneity and the quantity and quality of organic matter. Moreover, the scale at which flow-substrata±faunal interactions occur may influence predator±prey dynamics. For example, flow variability may influence the distribution of meiofauna at small scales (e.g. within a single riffle; Palmer, Hakenkamp & Nelson-Baker, 1997b) and this may determine predation risk (Lancaster, Hildrew & Townsend, 1990; Robertson et al., 1995; Lancaster, 1996) which further influences meiofauna distribution. If meiofauna occupy refugia from predation, or drift in high numbers (either actively to avoid predation or passively due to predator activities), meiofauna distributions may be altered at much larger scales (> 10 m). Since meiofauna may be removed from the water by suspension-feeding predators and flow may determine the final destination of those meiofauna that survive downstream drift, predator±prey interactions that appear to only have localised impacts (i.e. affect faunal abundances within the individual predator`s foraging range) may, indeed, have very broad-scale consequences.
Organic matter is linked to meiofauna distributions
Numerous studies have examined the important linkage between organic matter and macroinvertebrate dynamics in streams, but how the distribution, amount and quality of organic matter influences lotic meiofauna has received little attention. This is somewhat surprising because meiofauna and protozoans are assumed to be a trophic link between detritus, its associated microbial community and larger macroinvertebrates (Decho & Castenholz, 1986; Decho & Fleeger, 1988; Perlmutter & Meyer, 1991; Borchardt & Bott, 1995; Hakenkamp & Morin, 2000; Hakenkamp & Palmer, 2000) . Lotic meiofauna feed on bacteria, algae and detritus (Perlmutter & Meyer, 1991; Borchardt & Bott, 1995) . Due to their grazing activity, meiofauna are intimately associated with detrital material and can influence decomposition rate and bacterial activity (Traunspurger, Bergtold & Goedkoop, 1997) in freshwater ecosystems. It is likely that the distribution of stream meiofauna may be closely linked with patches of organic matter and, since these linkages may have important ecological consequences (e.g. influencing decomposition rate), there has already been a call for more experimental work on this topic (Palmer et al., 1997c) .
There is correlative evidence that the population dynamics of stream meiofauna are related to organic matter availability. Some of this evidence is tied to reproductive output and growth of meiofauna and, as such, is compelling since the importance of organic matter as a resource for biota is best expressed in terms of fitness consequences. McLachlan, Brennan & Wotton (1978) and Mattingly, Cummins & King (1980) found a positive relationship between the growth rate of chironomids and both organic matter availability and the size of the particles ingested. Stanko-Mishic, showed delayed emergence of the midge Chironomous riparius (Meigen) in patches with low levels of organic matter, whereas midges in patches of high organic content had increased growth and emerged earlier. Furthermore, recent laboratory and field experiments showed that the abundances of C. riparius and many species of meiofaunal-sized chironomids in sandy streambeds were significantly higher in sand patches with high quality leaf material as opposed to sand patches with no leaf material or highly refractory leaf material (Silver, Cooper & Davis, unpublished; Palmer et al., 2000) . The relative rate of decomposition is often used as an indicator of organic matter quality, but a more direct measure would be the quantification of food resources (i.e. microbial abundance or production on the organic matter). Indeed, Ward & Cummins (1979) demonstrated that the growth rate of chironomid larvae (Paratendipes albimanu Meigen) was a function of the microbial activity (reflected in ATP content) associated with organic matter. Palmer et al. (2000) manipulated the leaf species composition of leaf packs in a fourth-order stream and found that the abundances of early instar chironomids, nematodes and oligochaetes were greatest in leaf packs with the highest microbial biomass (bacteria and fungi). Manipulations of organic matter composition in the hyporheos by Lenting, Williams & Fraser (1997) also led to aggregations of larval chironomids in patches with high nutritional values (determined by C:N content). It is worth noting that organic matter is not only important to meiofauna as a food resource, but may also provide habitat and material for casebuilding invertebrates.
Compelling evidence that organic matter resources exert a strong influence on the spatial distributions of meiofauna in streams comes from recent field and laboratory studies showing that the small-scale spatial arrangement of leaf material (e.g. aggregated into clusters vs. subdivided at scales of < metres) influenced meiofaunal distribution and abundance Silver et al. 2000) . In these two studies, chironomid and copepod abundances were higher when leaf patches were subdivided vs. aggregated on a sandy bed. In the laboratory study of Silver et al. (unpublished) , flow was absent and patches were created by placing ground-up leaf material (FPOM) in different spatial arrangements on a sandy bottom. In the field study of Palmer et al. (2000) , flow varied throughout the year and patches were natural, undisturbed leaf aggregations on the streambed. Since meiofauna and leaf patches were free to move, finding a linkage between faunal abundance and the spatial arrangement of leaf material is strong evidence that the spatial distribution of stream meiofauna is linked to the spatial configuration of organic matter.
Linkages between the small-scale spatial distribution of meiofauna and organic matter in streams are complicated by the fact that water flow and substratum characteristics also influence meiofauna, as well as influence the delivery and removal of organic matter to/from streambeds (Whitman & Clark, 1984) . Brennan, McLachlan & Wotton (1977) showed that the availability of particulate organic matter to stream chironomids was regulated by water flow. Furthermore, invertebrate colonisation, including early instar chironomids, oligochaetes and nematodes, is influenced by the presence of detritus, which is related to substrate complexity (Rabeni & Minshall, 1977) . Interactions between sediment size, sediment heterogeneity and organic matter deposition explained local resource partitioning by lotic chironomids in a sandy bottom Ohio stream (Rae, 1985) . Furthermore, manipulations of streambed characteristics influenced the accumulation of sand and coarse particulate organic matter which, in turn, has been shown to explain patterns in meiofaunal diversity (Williams & Smith, 1996) .
While we have cited studies documenting the important role of organic matter in influencing the distribution of lotic meiofauna, we found little evidence that resource competition between lotic meiofauna, or between meiofauna and macrofauna, influences distribution. There is evidence, however, for lentic meiofauna; van de Bund & Davids (1993) examined the interactions between chironomids and meiobenthic chydorids isolated from a lake littoral habitat. Chydorids removed food resources with greater efficiency, thus negatively affecting early instar chironomids. In contrast, older chironomids (late instars) apparently increased food availability (via faecal pellets) for chydorids. It seems likely that competition between meiofauna and other macroinvertebrates is an important, but under-researched, phenomenon in streams, especially during low flow when biotic control of community structure may be important (Peckarsky, 1983) . The probable prevalence of competition among stream meiofauna is supported by abundant evidence of competition among marine meiofauna (e.g. Chandler & Fleeger, 1987) and by Small-scale patterns in lotic meiofauna 113 several studies in freshwater showing that, when crowded, the survival and growth rate of chironomid larvae decrease while dispersal increases (Wiley & Warren, 1992; Ball & Baker, 1995; Silver et al. 2000) .
Flow and substrata are abiotic drivers of meiofauna distributions
We have already indicated that the interaction between water flow and substratum can influence the small-scale spatial distribution of meiofauna in streams via interactions with biotic factors such as predation and resource availability. However, flow and substrata alone exert such a profound influence on meiofauna that some researchers have argued that these two abiotic variables overwhelmingly affect faunal distribution patterns (Whitman & Clark, 1984; Marmonier & Creuze Â des Cha Ãtelliers, 1991; Richardson, 1992; Robertson et al., 1995; . First, flow enhances entry of meiofauna into the water column and, indeed, lotic meiofauna account for a large, yet often ignored, proportion of stream drift (Schram, Brown & Jackson, 1990; Richardson, 1991; Palmer, 1992) . The ability of meiofauna to avoid passive transport in the face of rapid stream flows is limited and, thus,`passive drift`(dislodgement due to water flow) commonly leads to redistribution of meiofauna on both small and large scales (Richardson, 1992; Palmer, Allan & Butman, 1997a) . Although the travel distance of individual meiofauna is poorly known, distances of tens of metres are likely when flow is moderate and may exceed hundreds of metres at high flows (Palmer et al., 1997a) . Drift is a major source of recolonisation after spates (Marmonier & Creuze Â des Cha Ãtelliers, 1991; , although drift is not the only source of colonists for local patches in streams (Palmer, Bely & Berg, 1992; Dole-Olivier, Marmonier & Beffy, 1997) .
The influence of flow on the distribution of lotic meiofauna at larger scales appears clear (spates redistribute meiofauna at the reach and, perhaps, even the catchment). However, variability in flow at small spatial scales (< metre) and its linkage to meiofauna has received little study in streams. This is despite the work in marine systems that has clearly established a link between small-scale flow dynamics and meiofauna distributions (e.g. Eckman, 1983) . Some stream meiofauna (e.g. deep interstitial dwellers) rarely enter the drift even during spates (SchmidAraya, 1994; Robertson et al., 1995) . There is evidence, however, that stream meiofauna make small-scale (centimetres) vertical migrations in response to changes in interstitial flow within the bed that accompany changes in water flow above the bed (Dole-Olivier & Marmonier, 1992; Rouch, 1992; Boulton, 1993; Williams, 1993) . Indeed, localised upwelling and downwelling may be important in structuring meiofauna communities by influencing species composition and scales of patchiness (Boulton, Valett & Fisher, 1992; Ruse, 1994; Dole-Olivier et al., 1997) . Local bed characteristics, especially those that act to constrain interstitial flow, may also influence species composition and abundance (Whitman & Clark, 1984; Boulton et al., 1991; Williams, 1993; Strayer, 1994; Findlay, 1995) .
Small particle size and/or a highly compacted streambed may impose physiological constraints on the meiofauna by limiting oxygen replenishment at low flow, generating patches of anoxia and thus reducing meiofaunal abundance or changing species composition (reviewed in Hakenkamp & Palmer, 2000) . Guilds of microbes decompose organic matter in anoxic patches, but the transfer of energy to the meiofauna (and larger invertebrates) may cease until water flow renews oxygen. Flows sufficient to prevent siltation and deoxygenation of the water, but slow enough to allow detritus retention, may be ideal for stream meiofauna. Whitman & Clark (1984) provide evidence that meiofaunal (midges, oligochaetes, flatworms, microcrustaceans, nematodes and tardigrades) abundances were highest at intermediate water velocities (» 30 cm ±1 ) in their study system. Shiozawa (1991) provides evidence that small-scale changes in community composition are tied to flow; among the microcrustacea, cyclopoid copepods and cladocerans (Daphniidae, Macrothricidae, Bosminidae, Chydoridae) were dominant in slower flow areas, while harpacticoid copepods were more common in the higher-flow, coarser sediments in his study systems. In a longitudinal analysis of a high gradient, alluvial stream, Ward & Voelz (1990) found that the distribution of interstitial meiofauna depended more on local properties, which included substrata and flow, than the larger-scale factors of gradient and elevation. Sites supporting diverse and abundant meiofauna communities were those comprising extensive alluvium deposits with the hydraulic characteristics necessary to maintain open interstitial space (Ward & Voelz, 1990 ). Ward, Stanford & Voelz (1994) concluded that the spatial distribution of meiofauna (copepods, ostracods, amphipods, isopods) depended on the interaction between benthic hydraulic exchange properties and key aspects of the sediment particles: type, particle size, heterogeneity and intersititial space. The physical forces that are so important in influencing meiofauna distribution (flow and substratum type) also control other guilds of animals. Drifting meiofauna may be accompanied by invertebrate predators and by suspended bedload, so that flow may also deliver predators and new substrata to local habitats (Palmer et al., 1997a) . Furthermore, water flow can lead to the accumulation of wood and detritus (Benke, Hunter & Parrish, 1986; Golladay & Hax, 1995) . Woody debris not only provides habitat for meiofauna but also provides habitat for macroinvertebrates and fish. This constant flux of material and organisms sets the stage for a highly dynamic and complex set of factors influencing the small-scale spatial distributions of meiofauna. We envisage that future research will further define the constraints on local-scale meiofaunal patterns in streams, with special emphasis on the influence of the interaction between flow, substratum and habitat quality.
Distribution patterns need to be examined using spatial statistics
Hitherto we have focused mostly on those factors most important in generating small-scale spatial patterns in stream meiofauna. We now suggest that the spatial patterns themselves have been greatly understudied. This is not because of a lack of statistical tools. A variety of statistical approaches have been used to explore spatial patterns in aquatic systems. For example, basic information about distribution patterns, such as whether or not meiofauna are randomly distributed or aggregated into patches, can be gleaned by examining the mean and variance in population size over different spatial scales (Elliott, 1971 ). One can assess the level of spatial aggregation of abundances using the variance to mean ratio or the coefficient of dispersion (CD): if CD > 1, abundances are more aggregated; if CD < 1, abundances are more uniformly distributed (Sokal & Rohlf, 1981) . If fauna are aggregated, the pattern of aggregation and its relation to some ecologically meaningful property (e.g. resource distribution) can be assessed with autocorrelation techniques (see Legendre & Fortin, 1989) . Pinckney & Sandulli (1990) used an autocorrelation index to describe the spatial distribution of intertidal meiofauna and chlorophyll a. By employing correlograms, which describe how the level of autocorrelation changes over space (Sokal & Oden, 1978) , Pinckney & Sandulli (1990) identified ) attached to the surface of the streambed 2 weeks prior to sampling (full description of leaf pack design and attachment to the streambed is given in Palmer et al., 2000) . Samples consisted of contiguous cores (1.6 cm diameter) collected every 2 cm in paired transects extending laterally, upstream and downstream of the leaf pack in August 1995. Here we show downstream transects only (mean SEM, n = 4).
almost identical spatial patterns of marine meiofauna and resource abundance.
To our knowledge, there are no published studies using spatial autocorrelation techniques to understand which factors determine the small-scale distribution of meiofauna in streams. Recent research attempted such studies in a sandy-bottom, fourth-order stream (Goose Creek, VA, U.S.A.) and found conflicting results. In a study to assess the spatial distribution of meiofauna in sediments when leaf packs were present on the streambed, no general spatial pattern was found in relation to distance from leaf packs (Fig. 1) . This lack of pattern near a leaf pack (2±40 cm downstream) surprised us since numerous other studies at this site revealed higher meiofauna abundance on leaves than in the underlying or adjacent streambed . This implies that the area of`influence`of the leaves is quite small (i.e. abundance may be higher in the pack but no different near a pack than further away) or simply that an influence is hard to detect. Perhaps there is too much background`noise`due to buried organic matter in the streambed to detect a spatial signal in the abundance of meiofauna in the streambed surrounding a pack. In another study in Goose Creek, Hakenkamp & Nelson (unpublished) asked if there was a significant relationship between the amount of organic matter buried in the sediment and the abundance of copepods in the streambed; no statistically significant pattern was detected at a scale of 2 cm to 1 m (Fig. 2) . Again, this conflicts with evidence that the distribution of meiofauna in streams is linked to the quality and spatial distribution of leafy organic matter (see earlier discussion and Palmer et al., 2000) . At present, it is still possible that the lack of a consistent pattern is attributable to inadequate data (e.g. the studies cited for Figs 1 and 2 were not replicated in time or across streams). There is certainly a need for additional research that uses spatial statistics to explore the small scale distribution of lotic meiofauna, particularly given the large number of marine studies that have found linkages between the spatial distribution of meiofauna and environmental parameters (e.g. Hogue & Miller, 1981; Eckman & Thistle, 1988 ).
We may not be able to decouple large and smallscale processes in our search for a pattern Multiple factors operating across many scales interact to produce complex patterns in the distribution of lotic meiofauna (Fig. 3) . Water flow interacts strongly with local substrata to generate the benthic habitat, to determine bed mobility and to influence the distribution of meiofauna at all scales. Swift flow that transports fauna and associated substrata may determine distribution, but once drifting meiofauna are deposited at a site, local flow conditions (e.g. magnitude of interstitial velocity or vertical hydraulic exchange) determine small-scale faunal movements (Hakenkamp & Nelson, unpublished) . No pattern (i.e. not significantly different from random) was found linking the spatial distribution of fauna to physical parameters.
and fine tune the small-scale distribution. Local faunal movements may be governed by the faunal response to oxygen supply or resource availability, both of which are linked to flow in lotic systems.
Like flow, predation may operate at both small and large scales in streams and may interact in complex ways with resource availability and faunal dispersal. Traversing relatively large scales are predatory fish that can induce drift of meiofauna and cause prey emigration from within the benthos. Local predator abundances are controlled by many of the same factors that determine meiofauna distribution, and include the abundance of organic matter and substratum architecture (which, in turn, influences interstitial flow and oxygen concentration). At small scales, competition is often overlooked and is very difficult to measure in the field. Detecting competitive interactions between meiofauna species is integral to our understanding of the functional role of meiofauna in lotic systems (see also Hakenkamp & Morin, 2000) . Competition at this small scale may shape meiofauna±microbial interactions, and, ultimately, determine the rate of decomposition and transfer of energy from detritus to higher trophic levels.
Future research
One goal of stream ecology is to develop a predictive framework for what controls the small scale distribution of stream fauna. Unfortunately, we are far from being able to do that for lotic meiofauna. Many questions remain unanswered. There has been a tendency among stream ecologists, particularly those who have some training in hydrodynamics, to place a pre-eminence on flow as the most important factor determining the distribution and abundance of meiofauna. This could have led to an underestimation of the role of biotic factors in structuring meiofaunal communities. Future work should include flow in experimental designs, perhaps as a covariate, but not place flow at the centre of the research. This is because we already know a good deal about how flow, alone or in concert with substratum particle size, influences the spatial distribution and composition of meiofauna; the really big gaps in our knowledge go beyond flow.
First, as we have already emphasised, much more work needs to be done in simply documenting patterns by using the rich wealth of statistical approaches available for spatial analysis. Second, many questions must be carefully addressed through manipulative and Fig. 3 Summary of the factors most likely to influence the spatial distribution of lotic meiofauna. Emphasis is placed both on the relative strength of each factor, as well as the scale over which each factor operates.
Small-scale patterns in lotic meiofauna 117 natural experiments if we are ever to understand what factors generate spatial patterns in stream meiofauna (Table 1) . These questions come directly from the earlier sections in which we rather liberally interpreted the sparse freshwater literature. If we are to move forward in our ecological understanding of lotic meiofauna, these questions and many others must be addressed through extensive field sampling and creative experiments. Critical questions that must be addressed in order to advance our understanding of the factors that generate small-scale spatial patterns in stream meiofauna. These questions are the direct outcome of our interpretation of the literature as presented in the text. Questions are not presented in any order of priority X Does predation have a greater influence on the spatial patterns of lotic meiofauna in fine-grained sediments (e.g. silts & fine sands) than in coarse-grained (e.g. cobble, boulder) sediments? X Are reductions in meiofaunal abundances, due to foraging by nonselective, highly mobile predators, masked by meiofauna dispersal? Do selective, territorial or sedentary predators create small but measurable patches (> metre scale) with low abundances of meiofauna or altered taxonomic composition? X Under what conditions does predator-induced dispersal of meiofauna occur and can we document`costs`(e.g. energetic, mortality) that meiofauna incur due to this dispersal?
